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Apertures of various sizes and shapes on a metallic enclosure are used for input and 
output connections, control panels, visual-access windows, etc. Since these apertures may 
behave as efficient antennas at same electromagnetic (EM) frequencies, they also become 
sources of electromagnetic interference (EMI) problems for both EM emission and 
susceptibility. If the electronic components that are located inside these enclosures are 
not shielded properly, improper operation of equipment may result and in some cases 
may lead to permanent damage of equipment. With significant development in 
technology, flights are equipped with lot of electronics for different operations. When 
conceiving electric or electronic systems, it is necessary to take into account the 
constraints of electromagnetic compatibility in order to define the most appropriate 
configurations, less sensitive to perturbations. Decreasing the electromagnetic radiation 
from the electronic equipment is important from the EMI view point. An understanding 
of shielding effectiveness which is defined as "The relative capability of a shield to 
eliminate undesirable electric and magnetic fields and plane waves" may help in locating 
components appropriately to reduce the EM emissions or improve the immunity of 
electronic components inside the metallic enclosure. The primary interest that motivates 
this work is shielding avionics within aircraft structures. 
I 
Shielding effectiveness can be calculated usmg numerical and analytical methods. 
Numerical methods such as the Finite Difference Time Domain (FDTD) method, and the 
hybrid Finite element method/ Method of Moments can model complex structures inside 
enclosures but often require large computing time and memory. For electrically large 
apertures and enclosures these methods though more accurate, become difficult for 
designers to use to investigate effects of EM shielding on the design parameters. 
Analytical formulations that are used to find the shielding effectiveness are based on 
different assumptions whose validity becomes questionable at higher frequencies. Bethe 
[ 4] presented a small-hole theory, based on a quasi-static analysis for the problem of field 
penetration through electrically small apertures. According to Bethe's analysis, the field 
distribution in an aperture is essentially that which would exist if the aperture were 
immersed in static electric and magnetic fields. 
--+ 
Figure 1.1 An illustration of Bethe's small hole theory. 
Bethe's theory shows that if a field exists on one side of a conducting plane wall of zero 
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thickness and an electrically small aperture is then cut in the wall, the field in the second 
region is the same as that from an electric dipole normal to the wall and a magnetic 
dipole tangential to the wall, both at the center of the aperture with the aperture closed. 
(Ref: Figure l. l ). Therefore, the field in the vicinity of the aperture may be represented 
by the superposition of the original internal field at the location of the aperture (before 
the aperture was cut in the wall) and the fields of an electric and magnetic dipole located 
at the center of the aperture. The relationship between the dipole moments of these 
dipoles to the original electric and magnetic fields is described by the polarizabilities that 
are functions of the size and shape of the holes. Bethe's method of solution is applicable 
to small elliptical apertures as well as to circular apertures, but not to rectangular or more 
complicated geometrical figures. The estimated fields are valid at distances that are large 
in terms of the maximum linear dimension of the aperture. However, at closer distances, 
Bethe's theory breaks down. Bethe's analysis is limited to the frequencies below the first 
resonance frequency of the aperture. Frequency of operation is suppose to be small that 
the fields are essentially constant at the apertures. 
In this thesis, a method that is suitable for large but regularly shaped enclosures and 
apertures that was developed at NASA Langley Research Center, a general hybrid modal 
I moment method technique, called Modal / MoM (Modal / Moment method) (MNI -
Modal / MoM with normal incidence), will be discussed and the validity of the code will 
be verified using a commercial moment method code called FEKO. MNI discussed here 
has certain advantages over other techniques. Some of the important features of the code 
are 
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1. It is computationally efficient in calculating the fields at any point inside the 
enclosure, excited due to a normally incident plane wave impinging upon the 
shielding enclosure over a wide range of frequencies. 
2. The fields that are calculated using this technique are accurate. 
3. It can calculate the shielding effectiveness with respect to the probe that is located 
inside the cavity 
Khan modified MNI to enable plane waves at oblique incidence (10]. MOI (Modal MoM 
with oblique incidence) will be validated for the shielding effectiveness at oblique angle 
of incidence. The range over which the results using MOI can be trusted is discussed by 
comparing the computed data with the measured results from Arizona State University 
[ 48]. Emphasis is laid on computing the input impedance of a probe (wire antenna) that is 
located inside the enclosure. This is done to find out the points where the probe can be 
placed so that maximum energy can be coupled to the probe. In some cases coupling 
maximum power to the probe is necessary and in some cases the probe must be placed at 
a point where it does not couple energy at all (Example: Probes that are run over the fuel 
tank must be shielded properly else it will lead to sparking and damage). An investigation 
of the input impedance of the probe is discussed along with the current distribution on the 
wire and the fields induced because of the current. The goal of this investigation is to 
study the differences in input impedance of the probe with respect to different locations 
inside the enclosure and to determine the location where the probe has to be placed for 
the probe to couple maximum energy or to shield the probe from other sources. 
4 
Organization of Thesis 
This Thesis is organized into five chapters. 
Chapter 2 discusses the theoretical and numerical models that have been used in studying 
the shielding effectiveness. Chapter 3 contains the formulation of MNI followed by the 
formulation used in the development of MOL This is followed by the classical method of 
moments approach of solving for the current on a wire radiator in free space and 
detem1ining the current distribution. Finally the expressions that are used in MNI for 
solving for the current on the probe located inside the cavity and solving for the input 
impedance of the probe are explained. Chapter 4 presents the SE results for various 
scenarios regarding number of apertures, size of apertures for a range of frequencies and 
SE results for different size of apertures for various angles of incidence. These results are 
presented in comparison to FEKO results for the same cases hence validating MNI and 
MOI whose results were questionable when the aperture size is made really big (Same as 
the size of the wall of the enclosure) and SE results for oblique angle of incidence. An 
investigation on the input impedance of the wire antenna that is located inside the box is 
also discussed in the final section. These results are presented to investigate the position 
of the probe inside the cavity where it can couple maximum energy or no energy. From 
this the reader gets a sense of where to place the probe inside the enclosure for his 
application and for that particular frequency sweep. In Chapter 5, the conclusion of this 
thesis will be presented along with recommendations for future work. 
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Chapter 2 
2.0 SE ESTIMATION TECHNIQUES 
Shielding Effectiveness (SE) is one of the major aspects of any EMC (Electromagnetic 
Compatibility) design process. When electronic equipment intended to handle certain 
input levels, whether logic signals or continuous analog signals, picks up undesired 
inputs, an upset may occur. The upsets are like erroneous reading, fluctuating needle etc. 
In aircraft, for example, instruments are closely packaged due to limited space. The 
RADAR display performance can be visibly distorted by nearby tachometers which may 
radiate a rotating magnetic field. The radar display is subject to some position shift each 
time the aircraft changes direction or altitude relative to the earth's field. A magnetic (i.e. 
permeable) shield enclosure minimizes these effects as well as supporting and positioning 
the tube [55]. Therefore the ability to accurately estimate the SE of an enclosure can be 
valuable. A wide range of techniques are available for the calculation of SE, varying from 
analytical analysis, the numerical simulation and finally experimental measurement. 
In characterizing the shielding performance of the structure there exists two approaches. 
One approach includes irradiating the box under test and sampling the field levels inside 
as seen in Figure 2.1 (a). Another approach attempts to more directly assess the potential 
impact of an EM threat via an exploration of the possible fields coupled to a particular 
6 
probe orientation by exciting the probe with a voltage gap as can be seen in Figure 2.1 
(b). 
I ~ 
////_/ ___ /.L~--- --···················-····· .. ··· 
Figure 2.1 (a) Plane wave excitation - External excitation (b) Excitation on the probe 
using voltage gap - Internal excitation. 
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Both analytical and numerical solutions have their own advantages and disadvantages. 
An analytical solution will be the fastest method giving accurate results but some of the 
assumptions that are used limit their application for certain frequencies. Among these 
conditions are restriction on the size and geometry of the apertures and it is always not 
possible to obtain rigorous solution. Varying one of the parameters may invalidate the 
solution and invites reinvestigation of the problem. 
Numerical solutions can be either in the time domain or frequency domain and involve 
simple algorithms and can support arbitrary shapes and enclosure contents. Numerical 
solutions also require high computational power and may occupy large memory to give 
reasonable accuracy. The results are compared with a set of measured results and the 
measured results cannot be always reliable. Accurate measurements are not always 
possible due to the limitations of screened rooms and anechoic chambers and perturbation 
caused by the measurement probe. This perturbation caused by the probe itself is a 
potential source of error. The laboratory measurements for one case might not be the 
same as the other one and in the real world the problem is continuously changing. The 
results obtained from measurements are good when designed for a particular case and can 
point out the potential source of error but when we look at the bigger picture (Trying to 
find the fields at every point inside the enclosure), a complete design of SE is not 
possible with measurements only. 
Bombart [31] and Kaden [34] showed that the field penetrating a small aperture may be 
much larger than field attenuated due to skin depth. Their assumption of the field 
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penetrating through a small aperture into a long cylindrical shell immersed in a uniform 
axial magnetic field has been verified in their results showing a good agreement between 
the theoretical and experimental values. The limitation in Bombart where he considers 
only the impressed magnetic field was later relaxed by Taylor [50] considering a general 
impressed field on a small elliptical shaped aperture in a parallel plate shield. It was 
concluded that the field penetrating a small aperture in an arbitrarily formed 
electromagnetic shield is approximately that of static-crossed electric and magnetic 
dipoles, except for frequencies near the resonance of the interior cavity. For a low Q 
cavity, this restriction vanishes and the magnetic dipole moment of the equivalent source 
distribution lies in the plane of the aperture and the corresponding electric dipole moment 
is perpendicular to the aperture. A Taylor expansion is also applicable to apertures that 
are smaller than the operating wavelength. 
Mendez [ 40, 41] presented an analysis for EM radiation from rectangular enclosures with 
an aperture excited by center fed thin dipole and a square loop. Two problems have been 
addressed in his approach, a cavity with a small aperture in the wall and a larger aperture-
both for the frequencies below the lowest enclosure resonance thus allowing the cavity to 
be considered a perfect conductor. The fields inside the enclosure due to internal sources 
are determined assuming no apertures present. Then for the apertures, Bethe's theory 
(Ref: Figure 1.1) is used replacing the apertures equivalent electric and magnetic dipoles 
taking the polarizabilities of each aperture. The radiated field is the field radiated by the 
dipoles in the semi-infinite metal backed region and imposing suitable boundary 
conditions. The validity of this is only for small apertures and rectangular geometries and 
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limited to the frequencies below the lowest enclosure resonance. The cavity wall losses 
are neglected comparing them with the energy leaking from the apertures. For the open 
cavity and a longitudinal dipole that produces TM modes only, it is assumed that the 
apertures produces a complete reflection of the transverse field components hence 
doubling the transverse magnetic fields and canceling the transverse electric field. With a 
transverse loop TE modes are present so the transverse electric fields are doubled 
canceling the transverse magnetic field. Fields at the open end are then given in terms of 
fields that would exist at the same place in a semi infinite waveguide, modified according 
to the reflection assumptions made. The radiated fields due to the structure are found 
using equivalence principle. 
Method of moments was employed by Audone [2] and Cerri [21] to calculate the 
shielding effectiveness of a rectangular enclosure with single aperture. The internal field 
due to an internal current source is calculated using internal dyadic Green's function 
assuming no apertures. The aperture is then introduced assuming equivalence principle 
introducing equivalent magnetic current radiating internally and externally. The external 
fields can be found using external dyadic Green's function for internal Green's function 
in the E field expression or if the field is calculated along the central axis of the enclosure 
wall with the aperture, it is possible to assume that magnetic currents are located in an 
infinite metal plate. By means of this approach, one can use free space Green's function 
which takes into account the presence of the metallic sheet. Integral equations are 
developed by matching the tangential internal fields both due to the internal current 
source and the unknown equivalent magnetic current source to the external fields radiated 
IO 
by the equivalent magnetic current at the aperture. The unknown magnetic current is 
solved using the integral equation. Ref: Figure 2.2 
\ .. ----··---
II 
4()0 600 1100 1000 1200 400 
Frequency ,MHz) 
Figure 2.2 (a) Cavity with rectangular aperture excited using a loop inside the cavity (b) E field 
amplitude at the center of the aperture for the electric dipole excitation. Ref: [21 J 
A transmission line model was validated by De Smedt [51] uses a single aperture in the 
center of the front wall of the rectangular enclosure. The rectangular box is represented as 
a short circuited length of rectangular waveguide with a single mode of operation. The 
transition between free space and waveguide is represented by considering the aperture as 
a length of coplanar strip transmission line. The voltage and current at a given point give 
the electric and magnetic shielding at that point, respectively. This is a simple approach 
compared to FEM and FDTD and can be applied for frequencies above and below the 
cutoff of the dominant mode. This approach has certain limitations such as thin apertures, 
single mode, negligible coupling between the apertures and does not consider the 
incidence angle or polarization of the impinging EM field. The fields can be calculated at 







Figure 2.3 (a) Rectangular enclosure with a grid wall. (b) Equivalent circuit. Ref: (51] 
Another model based on circuital approach has been proposed to predict the field 
distribution on rectangular apertures backed by rectangular cavities [ 43]. The aperture is 
modeled as a length of rectangular strip ended by a short and the metallic box backing the 
aperture is modeled as load impedance that is calculated by regarding the box as a length 
of rectangular waveguide ended on one side by a short and by considering only the 
fundamental propagation of TE10 mode. The thevenin equivalent of this structure is 
evaluated and connected to the load given by the backing cavity. In order to evaluate the 
electromagnetic field on the aperture, the final value of the field is calculated by 
considering the divider between the impedance of the metallic cabinet. This model has a 
limitation of only permitting single aperture. Ref: Figure 2.4. 
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Figure 2.4 (a) Circuit model of the problem. (b) SE in the center of the enclosure. Ref: (43) 
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A power balance technique was introduced by Hill [ 18] to calculate the SE of the 
enclosures with electrically large and small apertures. It is assumed that under steady 
state conditions, the power transmitted to the enclosure through the apertures is equal to 
the sum of the power leakage from the apertures, the power dissipated in the cavity walls, 
the absorption of the power in some objects inside the cavity and the power absorbed by 
any receiving antenna inside the cavity. This approach yields a simple expression for the 
average field strength through out the cavity. The limitation of this method is that it does 
not yield fine detail of the interior fields like any other numerical method but has the 
advantage of being applicable in CW and RF pulse fields and not requiring all the 
geometrical details of the enclosures, the apertures and the loads. This theory is similar to 
the one developed for reverberation chamber where the average power density is assumed 
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Figure 2.5 (a) Aperture excitation of a cavity containing absorbers and a receiving antenna. (b) 
Calculated and measured SE for the NSWC rectangular cavity with a circular aperture. Ref: (18) 
Many other numerical techniques have been used for solving these kinds of problems 
yielding good accuracy. The Finite element method (FEM) [ 49] [20] [ 48] finite 
difference time domain (FDTD) [22] [33] [44] [16] [46] [48] [23] method of moments 
13 
(52] (37] (53] transmission line method (TLM) (I] (35] (42] and hybrid methods 15) have 
all been used and are verified to yield results with good accuracy. The general limitations 
of all these approaches are the size of the enclosure, size of the apertures and the 
computation overhead with increase in frequency. When the aperture size is small and the 
frequency of interest is a high frequency then to attain a reasonable accuracy, a small step 
size must be chosen. This results in an enormous number of cells for the cavity space and 
thus requires large memory and computation time. 
The numerical method using TLM was compared with the analytical model similar to 
Cerri (21] and with the approximate solution of Robinson (38] (39). The comparison 
showed that all the results showed good agreement with the measured results. The major 
disadvantages with the analytical methods are that they cannot be applied to arbitrary 
geometries and cavity contents. Every time there is a change in the geometry of the 
problem, using analytical methods, the whole problem has to be reinvestigated. The 
disadvantage of any numerical technique is that complex structures result in large 
computational overhead. The measured results are also not accurate as there is some error 
introduced into the system that goes unnoticed during the measuring process like during 
the measuring process the losses in the cables must be cancelled in order to get the 
accurate measurement and eliminating the losses is not trivial. So these will contribute to 
errors during the measuring process. 
The main focus of all the analytical models and numerical techniques has been that of 
determining the field at one point inside the enclosure for a given set of conditions. Most 
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use a plane wave excitation to expose the apertures and assume the worst case of normal 
incidence. Practically speaking restricting ourselves to normal incidence case is not true 
for all cases and this was also shown in some of the results from Khan's work [IO]. This 
led to the study of statistical investigation of shielding effectiveness. This approach [6]-
[8] exposes the enclosure and the apertures to a reverberating environment where both 
external and internal fields are not plane waves but waves from all different directions. 
The finite element method used in [6]-[8] is used to calculate the coupling between the 
external and internal fields. Random points are chosen to calculate the electric and 
magnetic fields and then the shielding effectiveness is calculated based on the maximum 
values of the fields obtained through this random selection process. The study indicates 
that the shielding effectiveness values for a single point inside the box have a normal 
distribution over the frequency range. The statistical investigation requires the field 
values at a number of random points inside the enclosure and hence requires a fast and 
efficient computational tool. This cannot be achieved with techniques like finite element 
method because of computer memory and time restraints. 
In this thesis emphases is laid on the application of MNI and MOI and define a limitation 
on particular cases and the results from running those codes. The aperture is represented 
as a very thin waveguide structure located on an infinite ground plane and hence the 
aperture fields can be represented using modal expansions. The aperture being small 
compared to the wall is then replaced by equivalent magnetic currents using the 
equivalence principle. The internal fields can be found using cavity Green's functions 
and external fields can be found using free space Green's functions with the magnetic 
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currents as the radiating source. The external and internal fields are then matched at the 
aperture to obtain an integro-differential equation to be solved for unknown magnetic 
currents using method of moments. MNI allows an arbitrary number of apertures on both 
sides of the cavity. The excitation source is external and far away from the cavity so that 
cavity is illuminated by a plane wave. 
MNI and MOI are techniques that are limited by the assumptions of relatively small 
apertures compared to cavity walls, negligible effects of cavity edges because of the 
location of apertures on an infinite ground plane, and a lossless empty cavity. Also the 
formulation has been developed only for rectangular apertures and cavities. Nevertheless, 
MNI and MOI are efficient tools to be employed for the computation of the statistical 
properties of shielding effectiveness of metallic enclosures. It gives almost closed form 
accuracy and is fast compared to traditional numerical techniques. Modal MoM was 
employed by Bunting [9, 11] for studying the bulk properties of cavity volume and 
aperture size over a range of frequencies using statistical analysis. A significant number 
of random samples indicate negative SE values implying field intensities higher than the 
external fields. SE decreases with the increasing aperture size. The validation of Modal / 
MoM (MNI and MOI) is the main focus of this work. Modal / MoM (MNI and MOI) is 
suspected to give bad results when the aperture size is assumed to be the size of the wall. 
As Modal / MoM (MNI and MOI) assumes the plates are infinitely long (Ref: Fig 2.6), 
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Figure 2.6 Modeling of cavity in Modal MoM and FEKO 
FEKO is a full wave, method of moments (MoM) based, computer code for the analysis 
of electromagnetic problems such as: Shielding, coupling, antenna design, antenna 
placement analysis, microstrip antennas and circuits, strip lines, dielectric bodies, 
scattering analysis etc. In order to solve electrically large problems MoM has been 
hybridized with the asymptotic high frequency techniques, physical optics (PO) and the 
uniform theory of diffraction (UTD). The true hybridization reduces the computational 
resource requirements, enabling the analysis of very large problems. 
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FEKO does not assume an infinite ground plane so the same case is developed in FEKO 
which assumes RWG (Rao - Wilton - Glisson) basis functions for its approximation 
hence eliminates the errors that are produced in Modal MoM. Some of the important 
results here discuss the reliability on Modal MoM for some structures like this. 
The multiple angle of incidence case (MOI) which was developed from MNI is used to 
find the shielding effectiveness of the box when the plane wave source flies by the face of 
the aperture [ 1 O]. As there are no standard results to compare these results, the values that 
are predicted by MOI must be validated. The multiple angle of incidence case was 
simulated using FEKO which has a better approximation for this problem than MOI and 
the results are compared. Some of the special cases are also compared with the measured 
results from ASU [48]. This comparison puts a bound on the angle of incidence for which 
MOI can accurately predict the shielding effectiveness. 
In the next chapter, a description ofMNI and MOI are presented with an emphasis on the 
determination of input impedance of an infinitely thin wire probe. Also the current 
distribution on the wire and the shielding effectiveness with respect to the current on the 
probe is presented. 
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Chapter 3 
3.0 FORMULATION OF PROBLEM 
The MNI (Modal / MoM with Normal Incidence) code is efficient and it is accurate. 
Fields at any point inside the box can be calculated when a plane wave illuminates the 
aperture. The aperture is represented as a very thin waveguide structure and hence the 
aperture field can be represented using modal expansions. Any number of apertures, 
location, size and orientation can all be defined by the user. This was an improvement of 
the code developed by Cerri and Audone (2, 21] which can support only one aperture at 
the wall. MNI also supports an infinitely thin wire inside the enclosure. The input 
impedance of the wire, the current induced on the wire due to plane wave excitation and 
also the current induced on the wire due to excitation on the probe using a voltage gap 
can be calculated. There are also some limitations in MNI such as supporting only TE10 
mode at the aperture and neglects all the higher order modes. Only the E polarized plane 
wave at normal incidence is supported. No other polarizations and angle of incidence can 
be supported by MNI. 
As the main focus of this approach is to shield the avionics inside the aircraft, restricting 
ourselves to only one angle of incidence will not be practical because there may be 
sources with arbitrary angles of incidence and polarization that will be incident on the 
windows which acts like radiating antennas. Due to the incident waves from different 
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angles, the field inside the aircraft will build up and that leads to interaction with the 
other electronic devices leading to damage. In order to prevent this, the shielding 
effectiveness at every point inside the enclosure, due to all the different incident waves is 
needed. In this thesis the field at the center of the enclosure which is usually used for 
comparison with other standard results is calculated. 
Khan [ 1 O] modified MNI and relaxed it limitations on the angle of incidence and 
polarization angles. MNI was not able to support two apertures on the same wall without 
any apertures on the back wall. MOI (Modal MoM with Oblique angle of Incidence) is 
able to support any number of apertures on the same wall without altering anything in the 
opposite wall but does not support any apertures in the back wall. The user can define 
any number of modes at the aperture which was not possible in MNI. Considering only 
one mode is a weak assumption as there might be effects of modes other than TE10 that 
exist on the aperture that are ignored. When the problem approached with various angles 
of incidence and polarizations, it is important to include the effects of different modes on 
the aperture. MOI can calculate shielding effectiveness versus 
• Frequency for a given incidence angle and polarization 
• Angle of incidence for a given frequency and polarization 
• Polarization for a given frequency and incidence angle. 
MNI is used for frequency sweep results and MOI was used for sweep in incidence angle. 
In this chapter a brief introduction to the problem will be presented in the next section 
followed by the assumptions of MNI and how well MOI varies from MNI will also be 
discussed. Some of the important derivations for MOI for multiple angles of incidence 
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and solving for the input impedance of the probe located inside the box using MNI are 
also included. Some of the things explained here closely follow the NASA report [19] 
where MNI was presented and Khan's work (10] which served as a motivation for this 
thesis. The work done here is a way of verifying the results of Khan's work (10]. Though 
this work is much of validation, detailed derivations from different references have been 
included for the sake of completeness and for the reader to understand the modifications 
done. The derivations will serve as a guide for a reader to follow this work. 
In this chapter the basic definition of shielding effectiveness and the formulation of MNI 
and MOI will be presented. The analysis on the current on a wire is also presented with 
the discussion about the input impedance. 
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3.1 Definition of SE and basic geometry of the problem to be solved 
The shielding effectiveness of an enclosure can be determined from the following 
expression: 
[
'Einrf J E-Shielding(dB) =-20.0log 
1
£.,,I (1) 
Where £;,,, is the electric field at a given point inside the enclosure and Eex, is the field at 
the same point in absence of the enclosure. Therefore, the problem of estimation of 
shielding effectiveness is essentially the problem of calculating the cavity fields inside 
the box while it is excited by a plane wave. The wave being incident on the apertures 
from free space. 





The thickness of the walls is zero and can be neglected . 
The apertures are relatively small compared to the area of the wall in which they 
are located. 
The diffracted fields due to edges of the wall are neglected . 
Due to infinite ground plane, there is no coupling between aperture on the front 
wall to the aperture on the back wall (usually referred as external coupling) 
These assumptions are a result of using the equivalence principle on the apertures where 
the apertures are replaced by equivalent magnetic currents. These magnetic currents then 
radiate inside and outside the cavity. Greens functions are used to calculate the fields due 
to these current sources. Finally we match the tangential fields at the apertures to obtain 
integro-differential equations with unknown modal amplitudes of the magnetic currents 
resulting in the matrix equation of the form [ A][ x] = [ B] for those mode amplitudes. 
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Figure 3 .1.1 shows the geometry of a rectangular enclosure with apertures on its front 
wall. 
The dimensions of the cavity are ax bx c. There are R number of apertures and the 
dimensions of the r''' aperture are Lr x W,.. The orientation of the reference axes is also 
shown with the origin at the lower right comer of the front wall. 
Figure 3.1.2 gives the geometry of the equivalent problem in which the apertures have 
been replaced by equivalent magnetic currents. These magnetic currents are used as 
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Figure 3.1.1 Geometry of rectangular enclosure with rectangular apertures illuminated by an 




Figure 3.1.2 Geometry of the equivalent problem with apertures replaced by magnetic current 
sources. Ref: (54) 
3.2 Shielding effectiveness development for fields with oblique incidence 
In this section the formulation for MNI are presented. This section is subdivided into 
many subsections where the development of every single component is described 
individually. The detailed version of the formulations can be found in [ 19]. 
3.2.1 Overview of the problem 
A plane wave of unity amplitude with arbitrary angles of incidence and polarization is 
illuminating the cavity with apertures in the front wall. It is given as 
A ,,.._ A 
H; = xHx; + yHy; +zHz; (2) 
This induces fields at the apertures of the cavity. We can express the induced aperture 
fields using the eigen-function expansion corresponding to the waveguide modes 
supported by the aperture as 
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(3) 
Where Vrpq and Urpq are the unknown modal amplitudes of the induced aperture fields, r 
represents the r'h aperture, p and q are the order of aperture waveguide modes and 
Cl) rpq and '-11 rpq are the orthogonal eigen-functions. Using equivalence principles, we 
replace apertures by equivalent magnetic current sources radiating both inside and 
outside the cavity. When applying equivalence we assume that the apertures are lying in 
an infinite ground plane [l, 21]. This assumption is valid if the aperture size is relatively 
small compared to the cavity walls in which they are located. 
(4) 
These equivalent magnetic currents are then taken as the sources responsible for the 
fields both inside the cavity as well as the scattered fields outside the cavity. Then the 
problem can be divided in two regions: Region I (the external region) for z ~ 0 and 
Region II (the cavity or internal region) forO ~ z ~ c. 
The internal problem (Region II) consists of a rectangular volume enclosed by the cavity 
and illuminated by various equivalent magnetic current sources. The external problem 
(Region I) consists of magnetic sources backed by an infinite ground plane and radiating 
into the free space. We can replace the ground planes using image theory, thus 
eliminating any electric current equivalent sources. 
The external scattered fields in Region I can be determined using free space Green's 
functions with the equivalent magnetic currents as sources. 
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-I A A A 
H = xH_! + yH_!. + zH: (5) 
The total electromagnetic field outside the enclosure is obtained by superposition of the 
field due to incident wave and the scattered field due to apertures. 
- - -1 
Hc:c, =H;+H (6) 
Similarly the cavity fields in Region II can be found using cavity Green's functions. 
-11 A A A 
H = xH.! 1 + yH;.1 + zH! 1 (7) 
The boundary conditions require the tangential fields at the apertures to be continuous. 
( H. +H•)I =HIii 
.t1 .t z=O x z::O 
(8) 
(9) 
The resulting equations can be reduced to a matrix equation [ A][ x] = [B] usmg 
Galerkin' s method. The matrix equation is then numerically solved for unknown 
magnetic current amplitudes U and V contained in the vector [x] . rpq rpq 
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3.3 Individual component development 
3.3.1 Incident electromagnetic field 
The incident time harmonic field can be written as: 
H -(0" H :;. H ) -Ji;.; (0" H :;. H · ) -Ji;.r , - ; °' +y,, 9\ e = ; ;cosa0 +y,; ;sma0 e 
Where, 
k; .r = k0x sin 0; cos </J; + k0 y sin B; sin </J; + k0 z cos B; 
k0 = free space wave number = m.J µ0 &0 
( °', </J;) = Angles of incident plane wave 
a 0 = polarization of the incident plane wave 
0i = 0 is for the normally incident plane wave. 
The angle of incidence and polarization have been defined in Figure 3.3.1.1. 
We can separate the x, y, z components of the incident plane wave as: 
H H ( 0 . A. . A.) -jkj.; yi = ; cos a 0 cos ; sm 'f'; + sm a0 cos 'f'; e 








Figure 3.3.1.1 Definition of Angle of Incidence and Polarization. Ref: [54) 
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3.3.2 Aperture fields and equivalent magnetic currents 
The incident plane wave will induce EM fields at the apertures. Since the aperture is just 
a very thin rectangular waveguide, we can express the aperture fields using modal 
expansion as follows: 
Where, 
Urpq, V,.pq = unknown modal amplitudes of the pq'h mode at rth aperture, 
nonzero at aperture(in general), zero otherwise 
Lr, Wr = Length and width of r'h aperture 
R = Total number of apertures 
( xcr, Yer) = Center of r th aperture 
(14) 
Using the equivalence principle, we can replace the aperture fields in (14) by equivalent 
magnetic currents as follows: 
M apt = ~ X E apt = _; X E apt 
= ± ;~~U~ sin( i~( ~ +x-x~ )}0s(~Ci + y-yc, )J 
,., -Y~~V~ cos( i~( ~ +x-xc, )}in( ~(i + y- Yer )J 
= ±[;LLurpq '¥ rpqx - .vLLVrp/l>rpqy] 




'f' . = sin(pH(L, +x-x JJcos(qH(~ +y-" JJ rpq.\ L 2 C'r W 2 J er 
r r 
(16) 
<I> . = cos(PH(L, +x-x JJsin(qH(W,. +y- u JJ 
'l"I.' L 2 "' W 2 Ja 
r r 
(17) 
The advantage of representing the magnetic current over the apertures in terms of the 
entire domain basis functions, i.e. q, and <I> , is that only a few unknowns per rpqx rpqy 
aperture are needed for convergence. Therefore, MNI requires considerable less 
computational time as compared to other numerical methods. 
3.3.3 External EM fields scattered due to apertures 
Consider the r'1' aperture on z = O plane. The external fields are represented by a 
superscript 1 . The EM field radiated in free space due to M, can be obtained from the 
electric vector potential using: 




Where the electric vector potential F
1 











The factor 2 in above equation comes from the image theory since the magnetic current is 
parallel to an infinite PEC ground plane. In deriving this equation, it has been assumed 
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-ikol;:_;:·1 
that the z = Oplane is infinite. Expressing j- _.
1 
in terms of plane waves: 
r-r 
The electric vector potential in (20) can be written in the form 
[ 
I--·, } _ 00 00 -jko =-= F' = ~ f f e - jk.,njlc,.ydk dk , 111r .. }' 
4n- K ·· 
-«> -co J :: 
Where, 
nzr = - 0 M re-1 x·l' -J .,.y ds - 8 ff- "k''k' 
4H Apt 





Substituting equation (22) in equation (18), the scattered electric field 
{ E.t·, E>.'and Ez'} due to the rt" aperture can be obtained. Superposition of the scattered 
electric field due to all apertures on the z = 0 plane gives the total electric field scattered 
by all the apertures. Similarly, using superposition and equation (22) in (19), gives the 
total scattered magnetic field due to all apertures. In these expressions, f// rpqx is the 
Fourier transform of '¥rpqx and <Apqy is the Fourier transform of<l>rpqy [IO]. 
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3.3.4 EM fields inside the enclosure 
The equivalent magnetic currents radiate electromagnetic fields into the enclosure. The 
total EM field at any point inside the enclosure is obtained by the superposition of fields 
due to each equivalent magnetic current source. 
The electromagnetic field inside the enclosure (represented as superscript 11) due to the 
r''' aperture can be obtained from: 
-II (- ) -} -II 
E Mr =-"vxF 
&o 
(25) 
-11(-) -j{J)( )-11 
H Mr = k 2 k; + "v"v • F 
0 
(26) 
The electric vector potential appearing in (25) and (26) satisfies the inhomogeneous wave 
equation: 
(27) 
If G,,, (x,y,z;x',y',z') is the dyadic Green's function for the rectangular enclosure for a 
unit dyad I(x',y',z') =;;+ yy+;;inside the enclosure, then the electric vector potential 
-11 
F can be written in the form: 
F
11 
= Jff Gm (x,y,z;x',y',z')•Mr (x',y',z')dx'dy'dz' (28) 
so11rce 
Substitution of (28) in (27) yields 
(29) 
Since the apertures are in the xy-plane and Mr can have both the x- and y- directions, 
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l(x',y',z') = _;;+ yy, hence equations (29) can be written in component forms as: 
V2Gmu +kgG,,ti:, =-e08(x-x')8(y-y')8(z-z') 
V
2
G,,wy +k;Gm.ry =-e08(x-x')8(y-y')8(z-z') 
(30) 
(3 t) 
Though the other green's function components like Gx,,,G.vx'G>'='GZ>,,Gxz,Gzx exist only 
G .. u and G_vy are considered because SEy component is calculated when calculating 
shielding effectiveness. Considering the x component of the magnetic current and using 
the proper boundary conditions, the solution of equation (30) can be written as: 
G -Loo 8 0 8om&on • (m,rx'J - -=----sm --
.t.-c k b 
m.11 J a a 
(
11,ry'Jcos(k, (z-c)) . (m,rxJ (n,ry) ( ') 
COS -- ---------Sm -- COS -- 0 Z 
b sin(k,c) a b 
<X) <X) 00 
In expression (32), L( •)=LL(•), and 
m,n m=l n==O 
- . (,n,rJ2 (l11fJ2 k2 --1 -;; + b - 0 
{
1,n = 0 
&. -0
" - 2,n "# 0 
(32) 
(33) 
Substituting (32) and into (28) the electric vector potential F
1
1x due to the x-component 
of Mr on the plane z = 0 is obtained. Detailed expressions can be found in Khan's work 
[6]. 
Likewise, considering the y-component of the magnetic current and using the proper 
33 
boundary conditions, the solution of equation (31) can be written as: 
( ll11CX) . ( nTCy) s:( ') cos--sm--uz a b (34) 
for the aperture located in the z = 0 plane. Substituting (34) into (28) the electric vector 
-,,,. -
potential F · due to the y-component of Mr for the apertures in the z = 0 plane is 
obtained. Detailed expressions can be found in Khan's work [10]. 
3.3.5 Application of Boundary conditions at apertures 
The total tangential magnetic fields inside the cavity from apertures are written as: 
H.! I = ( H.! Ix + H.! ly) 
H" = (H"·" + H 11>') )' y y 
(35) 
(36) 
Using continuity of tangential magnetic fields across the apertures in the z = 0 plane 
yields 
H ·I +H•j =(Hllx +Hlly)I 
x, z=O x z=O .t x z=O 
H,,;I +H•,, =(HlJx +Ht.,y)I 
· z=O > z=O Y > z=O 
(37) 
(38) 
In deriving equations (37) and (38) it is assumed that the cavity is excited by a plane 
wave incident from z = -oo . The field expressions derived in the earlier sections will be 
substituted in (37) solving for the boundary conditions for the x component and in (38) 
solving for the boundary conditions in the y direction. Detailed expressions can be found 
in Khan's work [IO]. 
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Now selecting q, r'p'q':c as a testing function taking Fourier transform and using Galerkin's 
method reduces the final equations satisfying the boundary conditions. 
R U 00 00 (k2 k2) '°' '°' (J)6o rpq f f • o - :c dk dk 
Jr' p'q' xi + LJ LJ 4 2 k2 1/1 rpq.-cl/l rpqx k x )' r=l p,q 1! O -00 -00 I 
R V 00 00 (-k k ) 
~ ~ -(J)&o rpq J J A. • .t Y dk dk 
LJ LJ 4 2 k2 -Yrpqy'f/1 r' p'q'.t k .t )' 
r:a::l p,q 1! O -00 -00 I 
(39) 
Rearranging the terms in (58) we get, 
R 
J - '°' '°'(U yxtxt V vx1y1 ) 
r'p'q'xi - ~~ rpq rpqr'p'q' + rpq.l.rpqr'p'q' (40) 
r=I p,q 
lr'p'q'xi is the coupling of testing function with x component of incident magnetic field. 
Where, 
( 41) 
yxtyt _ Jm ~ -&o &omEon ( ml!J n1! (k ) S S 
rpqr'p'q' - -2 LJ- . { ) -- -COS IC rpqmny r'p'q'mnx 
k0 m,11 k1 absm k1c a b 
(42) 
Jr'p'q'.ti = ff Hxiq, r'p'q'xdxdy (43) 
r'p'q' 
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Now selecting -<I>r'p'q'yas a testing function and use of Galerkin's method reduces the 
above equation to: 
)
0
(0 R co 8 8 8 ( ) +- - o Onr On mK ll1i e LLurpqL k b . (k ) --b cos(k,c)Srpqmn.1:sr'p'q'mny 
o r=l p,q m,n I a Sill 1C a 
Rearranging the terms in ( 44) we get, 
R 
I - ""(u r·ix• v yy1y1 ) r'p'q'yi - L,_L,_ rpq rpqr'p'q' + rpq rpqr'p'q' (45) 
r=l p,q 
lr'p'q'yi is the coupling of testing function with y component of incident magnetic field. 
Where, 
+ Jm ~ -&0 &0m&on mK ( nn) ( ) S 
k2 L.. k b . (k ) -b cos k,c srpqmnx r'p'q'mny o m,n I a Sill 1c a 
(46) 
co co (k2 -k2) 
yxlyl _ -m&o J J /4 /4* 0 y 
rpqr'p'q' - 4n2k2 Y'rpqyY'r'p'q'y k dkxdky 
0 -ao-ao z 
(47) 
[r'p'q'yi = - JI H yi<l> r'p'q'ydxdy (48} 
r'p'q' 
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3.3.6 Final Matrix equation for MOI 





Y;;,;t,:?p'q'][U rpq] = [Ir'p'q'xi] 
Yytyt V I rpqr'p'q' rpq r'p'q'yi 
(49) 
Y;;!j;.! p'q' - Mutual admittance between x- components of currents on z = 0 plane 
Y;;~t!p'q' - Mutual coupling between x- and y- components of currents on z = 0 
plane 
r,:;;!;!p'q'- Mutual admittance between y- and x- components of currents on z = 0 
plane 
Yylyl rpqr'p'q'- Mutual coupling between x- component of currents on z = 0 plane 
Urpq - Complex modal amplitude of pq''' mode for aperture on z = 0 plane. (For 
x- directed aperture field) 
Vrpq - Complex modal amplitude of pq'h mode for aperture on z = 0 plane. (For y-
directed aperture field) 
The matrix equation ( 49) is in the required form [ A][ x] = [ B] which can be numerically 
solved for the unknown amplitudes of equivalent magnetic currents induced on the 
apertures due to the incident field. From the knowledge of these amplitudes, 
electromagnetic field inside as well as outside the cavity can be determined. 
In the matrix equation, the vector [ x] represents the unknown modal amplitudes of the 
aperture fields. The matrix [ A] has been obtained from the geometrical configuration of 
the problem, i.e. the dimensions of the cavity, the number and location of apertures on the 
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front wall and the media inside and outside the aperture. The matrix [A], therefore, does 
not change as long as the geometrical details of the problem at hand are not changed. The 
matrix [ B] depends upon the incident wave and is the independent variable for our matrix 
equation. MNI considers only the normal incidence E- polarized plane wave case and 
hence uses a special form of the matrix [ B]. The generalization of the MNI is the 
modification of the matrix[ B] to allow oblique incidence arbitrary polarized plane 
waves. This requires the derivation of the general forms of the 
expressions/rpq.ti and /rpqy; used in the MNI code which can be found in Khan's work [6]. 
As indicated above through the derivations, the MNI which is able to support only the 
nom1al incidence and single polarization case has been modified to accommodate a 
variety of incidence angles and polarizations. With this modifications being made to 
MNI, the new one does not accommodate a wire inside the cavity hence MNI is used for 
the problem of solving the currents on the probe that exists inside the cavity. 
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3.4 Shielding effectiveness development for fields with normal 
incidence: Current induced on the probe 
In this section the current induced on a wire radiator is found using method of moments. 
By determining the current distribution of the wire radiator, the value of the current at the 
bottom when it is attached to the cavity wall is analyzed. This section is directly related 
to the problem of finding the induced current on the probe attached to the cavity wall. 
First the current induced on a wire radiator in free space is derived and from that it is 
expanded to the wire inside the cavity problem. 
Integral equation for a wire radiator 
lz 
JJ 
Figure 3.4.1 A wire radiator 
Consider a solid wire with infinite conductivity 'a' with finite radius 'a'. The current 
density on the wire is given by the formulaJ = aE. 'E' being the electric field induced 
due to the current. The current distribution on the wire can be represented by Fig 3.4.2 (a) 
and by taking Pocklington's Integral equation assumption; the current distribution can be 





IIill IfL >> a Pocklington' s IE 
~ 
Figure 3.4.2 (a) Current distribution on a wire radiator (b) Current distribution after Pocklington's 
Assume a incident wave is impinges on the surface of a conducting wire and this is 
referred to the incident wave E ; . When the wire is an antenna, the incident field is z 
produced by the voltage at the gap in the bottom. Part of the incident field, impinges the 
wire and induces on its surface a linear current density Js. The induced current density 
Js reradiates and produces a electric field that is referred to as the scattered electric field 
Ez s . Therefore at any point in space the total electric field Ez,o, is the sum of the 
incident field and the scattered fields. 
Ez,ol = E/ + E/ (50) 
When the observation point is moved to the surface of the wire ( r = ~ ) and the wire is 
perfectly conducting, the total tangential electric field vanishes. In cylindrical co 
ordinates, the electric field radiated by the dipole has a radial component ( E P) and a 
tangential component ( Ez ). Therefore the tangential electric field on the surface reduces 
to 
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E=,01 = Ez s + E/ = 0 
E/ =-E/ (51) 
In general, the scattered electric field generated by the induced current density Js is 
given by 






However, for the observations at the wire surface only the z component of (52) is needed 
and that can be written as 
E s • 1 (k 2A.. fi A z J . =-1-- .. +--
- wµe oz2 (53) 
Neglecting the edge effects, A= can be written as 
- jkR 112 2ir - jlcR 
A~=):!_ JfJ.=-<is'=):!_ J JJz-e -adtp'dz' 
• 4n s - R 4,r -112 o R 
(54) 
If the wire is very thin, the current density Jz is not a function of the azimuthal angle tp, 
and we can write it as 
(55) 
Where, Iz (z ') is assumed to be an equivalent filament line source current located at a 
radial distance p = a from the z axis. Thus A= reduces to 
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A= =J!_ J - Jiz(ZJ-e -ad¢' dz' 112[ I 2" -ilrR ] 
4H _112 2,ra O R 
(56) 
R = ~(x-x')2 +(y-y')2 +(z-z')2 
= ~(p2+ a2)-2pacos(¢-¢')+( z-z'2 ) (57) 
Where, p is the radial distance to the observation point and a is the radius. 
The observations are not a function of ¢ because of the symmetry of the scatterer. For 
simplicity ¢ = 0 is chosen. For observations on the surface p = a of the scatterer, (56) 
and (57) reduce to 
A=(p=a)=µ J /z(z') - J-e -ad¢' dz' 
112 [ I 2" -ikR ] 
_,,2 2,r o R 
1/2 
= µ J /z(z')G(z,z')dz' (58) 
-/12 
R(p =a)= 4a2 sin2 ( ~') +(z-z')
2 (59) 
Thus for observations at the surface p = a of the scatterer, the z component of the 










(60) is referred to as Pocklington's integral equation and it can be used to determine the 
equivalent filamentary line source current of the wire and thus the current density on the 
wire, by knowing the incident field on the surface of the wire. 






In (60) /:(z') represents the equivalent filamentary line source current located on the 
surface of the wire. This is obtained by knowing the incident field on the surface of the 
wire. By point matching techniques, this is solved by matching the boundary conditions 
at discrete points on the surface of the wire. Often it is easier to choose the matching 
points to be at the center of the wire especially along the axis in which lz(z1 is located. 
By reciprocity the current can be moved to the center of the wire and matching points are 
selected on the surface of the wire. Thus the current distribution on the wire conductor 
can be found. 
Thus it can be seen that at the matched point the current must be maximum. When the 




Figure 3.4.3 (a) Current distribution on a half wave dipole (b) Current distribution on a quarter 
wave monopole 
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The current distribution of a half wave dipole antenna is shown in Fig 3.4.3 (a). It can be 
seen that the current is maximum at the center and zero at the ends of the antenna. The 
current distribution on a N4 monopole is shown in Fig 3.4.3 (b ). As can be seen the 
current is maximum at the bottom of the monopole where it is fed and goes to zero at the 
top edge. Considering the monopole inside the enclosure and being attached to one of the 
walls of the cavity, at the point where the input impedance of the antenna is matched, the 
current will be maximum. For our case the monopole is excited at the bottom and 
attached to the cavity wall at the bottom. So at the frequency where the input impedance 
of the monopole is matched, a maximum current is expected. 
3.5 Development of current on the probe using MNI 
This section describes how MNI handles the problem of finding the current on the wire 
that is located on one of its cavity walls. As explained before, MNI alone supports a wire 
inside the cavity while MOI does not so the development with MNI is presented here. 
R R 
The scattered electric field L Eext ( M rx), scattered magnetic field L ii ext ( M rx) due to 
r=I r=I 
the equivalent magnetic currents exterior to the cavity and the scattered electric field 
R R 
L Eint ( M r:c), scattered magnetic field L H;n{ M rx) due to the equivalent magnetic 
r=I r=l 
currents interior to the cavity obtained are used. Using the cavity modal functions, the 
scattered electric field E;nr (JP) and the magnetic field Hint {JP) due to the current 
induced on the probe are obtained. Continuity of the tangential magnetic fields across the 
window apertures yields 
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H;n - Incident magnetic field 
itc:c, ( M r:c) - Scattered magnetic field ( external) 
H;,,, ( M rx) - Scattered magnetic field (internal) 
(62) 
Where, 11 is the unit normal vector to the aperture. Likewise, forcing the tangential 
electric field over the wire to zero yields 
(63) 
Where, / is the unit vector along the probe. Equations (62) and (63) are the required 
integral equations to be solved for the aperture voltages and the wire current. The 
tangential aperture electric fields over the apertures can be expressed as 
E- "~ '7"' Upr . (p!!(Lr JJ 
ap, = Y ~ ~ w sin L 2 +x-xcr r-1 p-1,3,.. r r 
L L W W forx __ r :$;x:$;x +-r andy __ r :$;y:$;y +-r (64) 
er 2 er 2 er 2 er 
2 
Where, U pr is the amplitude of the p'1' mode on the rth aperture, (Lr, Wr) are the length 
and width of the rt" aperture, (xcr,Ycr) are the coordinates of the r th aperture. The 
equivalent magnetic currents over the aperture can be written as 
P U L 
M- " " L pr · (p,r ( r )) =-nxy -sm- -+x-x 
rx W L 2 er p=l,3,.. r r 
The current induced on the wire can be written as 
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(65) 
Where, / 0 is the total current on the wire at the point where it is connected to the wall of 
the cavity. d0 is the wire diameter and L"' is the wire length. Selecting the expansion and 
testing functions for the magnetic currents on the apertures and the electric current on the 
wire as given in equations (64) and (65) respectively, the integral equations in (62) and 
( 63) are transformed into a matrix equation given by 
(66) 
The admittance matrix [Y] is equation (66) represents mutual coupling between the 
modes on the apertures, the sub matrix [ C] represents the mutual coupling between the 
aperture modes and the wire current, and Z"'w represents the self impedance of the wire. 
The elements of the admittance matrix are given by 
• 0Q ( ( J2J y = _ }OJ _ 8 0 8 om8on 2 _ m,r rpr'p' 2 L . ( ) ko cos( klc )I rpmnJr'p'mnx 
ko m.n kl abszn klc a 
cooo k -k ( 2 ( )2) 
- 0)80 f Jqi (qi )* Q X dkxd'ky 
4,r2 k 2 rpx r'p'x k 
0 -co-co z 
if r and r' apertures are on the same side wall, and 
if r and r' apertures are on different walls of the cavity. 




and l,..p'mn.r is the same as equation (69) with r,p replaced by r',p' respectively. 
The expression 'f' p.r is given by 
UJ L,W,. -jk X -jk.)· 
T = _.;;._--..:- e .r " > er rpx 
21 




sin (-p_1i - k.TLr J sin (-p_1i + kxLr J 
jpll 2 2 -jpll 2 2 e 2 _......,_ ______ -e 2 ---.!.....---_..:;;... 
p1i kxLr p1i kxLr ---- --+--
2 2 2 2 
(69) 
(70) 
( 'f' ,., p'x f is the complex conjugate of '¥ r'p'x where r, p in equation (70) is replaced by 
r ', p' respectively. The elements of the coupling matrix [ C] are given by 
C = -~ BomBo,, I p . m1rxp 'C' I 00 sin(k (c-z )) ( J 
pq L..J b . ( ) sin rln rpmnx 




and ( x P, y P, z P) are the coordinates of the point where the wire connects to the walls of 





F0= = cos( k, ( zP - ~0 ) )-cos(k,zP) 
Fr.= cos( k, ( c-zP -½) )-cos(k, (c-zP)) 
k, = (ko}'-( ma,r )2 -( n; J If (ko}2 ~( ma,r J +( n; J 




3.6 Input impedance of the wire using MNI 
The input impedance of the wire inside the cavity is determined by assuming the wire is 
fed at the point ( xP, y P, z P) by a delta gap generator. In this transmission mode, the 
matrix equation takes the fonn 
(75) 
Where, / '0 is the unknown current on the wire when assumed to be excited by a delta 
gap source at the connection to the walls of the cavity. From the solution of the matrix 
equation (75), the input impedance if the wire inside the cavity is determined from 
z. (!)= 1/ 
"' / l'0 (f) 
(76) 
In this chapter all the analytical expressions that have been used in the development of 
MNI and MOI has been discussed. As it appears in the derivation, MNI turns out to be a 
special case of MOL For calculating the current induced on the probe and to find the 
input impedance of the probe MNI is used. A dipole is assumed to radiate in free space, 
the field induced due to a current in the dipole and also the input impedance of the dipole 
is calculated and the analysis is extended to a monopole inside the cavity following MNI. 
In the next chapter all the results for validation of Modal MoM and the results for the 




The results have been grouped under two major sections. The first section discusses the 
validation of MNI and MOI for which results have been doubtful when the size of the 
aperture is as big as the size of the wall. To validate MNI and MOI the same case is 
designed using FEKO and the results are compared. The results are also compared with a 
set of measured results and it shows better agreement with FEKO. The second section 
discusses about the energy coupling to the wire antenna that is introduced into the 
metallic enclosure by monitoring the currents and the field that is induced because of the 
current flow on the wire. There are no standard results to compare this with but for a 
particular case of a closed cavity and the wire antenna being excited internally, the input 
reactance is compared with the results from (36]. 
In general, this chapter includes all the results that validate MNI and MOI for the extreme 
case of having one wall of the cavity open when a plane wave at normal incidence is the 
source. These results put a measure on how much MOI can be trusted when the plane 
wave is incident on the cavity with apertures from different angles and different 
polarizations. The energy coupling results provides a conclusion on where the probe has 
to be located to couple maximum energy or not to pick up any energy due to external 
radiation. 
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4.1 Single Aperture Case 
30cm 
~ 




Figure 4.1.1 Geometry of the cavity with a single aperture at the front wall. 
The geometrical configuration of the box is shown in the Figure 4.1.1. The aperture is 
located at the front face of the box. The box is excited with a y polarized plane wave. The 
plane wave is incident on the box at the front face (at the face where the aperture is 
present). An illustration of the plane wave excitation can be found in Fig 4.1.2. Using 
MNI fields at any point inside the box can be calculated, but for simplicity the field at the 
center of the box is calculated. The aperture size is varied from 10 x 0.5 (in cm) to 30 x 
12 (in cm). For the varying size of the aperture, the field at the same point is calculated 
for a frequency sweep from 100 MHz to 1 GHz. The results for Shielding Effectiveness 


















Figure 4.1.3 An illustration of the plane wave excitation. 




--- 10 X 10 
15 X 6 
20x 8 
o 30x 12 
900 1000 
Figure 4.1.3 SEy results from MNI for varying aperture sizes (Single Aperture). 
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From the results it can be observed that the resonant frequency is around 700 MHz. When 
the frequency is varied from 100 MHz to 1 GHz, the shielding effectiveness drops to a 
minimum and then constantly increases there after. As the aperture size is increased, the 
null shifts towards the lower frequency side. A clear shift towards the low frequency can 
be seen in the null when the aperture size is comparatively large as in the 20 x 8 and 30 x 
12 (in cm) cases. As MNI assumes an infinite ground plane, when the aperture size is 
made as big as the side of the box, the shielding effectiveness values obtained are not 
trusted to be right. This is because of the assumption in MNI that the aperture size has to 
be small compared to the cavity wall in which it is located. In order to validate this, the 
same scenario with varying aperture size was created in FEKO and the field at the center 
of the box is calculated. The results obtained from FEKO are shown in Figure 4.1.4. 
Slngle Aperture - FEKO 
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Figure 4.1.4 SEy results from FEKO for varying aperture sizes (Single Aperture). 
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From the results it can be seen that it follows the same pattern as observed via MNI when 
the aperture size is increased. The results obtained from MNI and FEKO are compared to 
validate MNI. This is shown in Figure 4.1.5. 
>-w 
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Figure 4.1.5 Comparison ofSEy results from MNI and FEKO (Single Aperture). 
From the results it can be seen that the SEy values obtained for different aperture size 
with MNI and FEKO shows good agreement in the range between 400 and 800 MHz. 
FEKO values agree well with MNI values at the lower frequencies better than the high 
frequency side. At 1 GHz when the aperture size is small, FEKO values are lower than 
the MNI values. There is a difference of about 5 dB at 1 GHz. But the pattern of the 
graph remains the same in MNI and FEKO. In order to solve for the difference between 
FEKO and MNI for the smallest apertures, the same problem was carried out for different 
grid size and a convergence study was done. In FEKO the grid size was made smaller 
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from A I 15 to A I 25 and the difference in SEy was about 0.2 dB. The other thing that has 
to be noted here is that in MNI only the dominant TE10 mode is considered at the 
apertures. Inclusion of higher order modes may decrease the value of SEy and the graphs 
might be close to each other for the smallest aperture case. 
On the high frequency side, the number of variables that has to be solved using FEKO 
increases and due to certain limitations that many variables cannot be solved which also 
might be the reason for the low values. One other limitation with FEKO is that for a 
problem of finding the shielding effectiveness for a range of frequencies, it talces about 3 
hours on a Xeon workstation with 4G RAM but MNI takes about 5-10 minutes. 
Comparing these, MNI is much faster than FEKO but the accuracy remains a question. 
Further research is required to ensure the accuracy. When the aperture size is increased 
and made all the way to the size of the box (Equivalent to having the box open at this 
side) the SEy values obtained from FEKO and MNI agrees well. This is an important 
aspect to note as the SE values from MNI have always been suspicious for this particular 
case due to the assumption in MNI of the dominant TE10 mode in the aperture. It is 
surprising to see that MNI still computes the correct values even for this special case. The 
comparison of MNI and FEKO for this special case is shown in Figure 4.1.6. The number 
of modes on the aperture was increased and the same computation was done for the 
smallest aperture (lOx0.5) and the largest aperture size (30xl2). The results are given in 
Figures 4.1.7 and 4.1.8. From these graphs it can be seen that inclusion of higher order 
modes at the aperture does not drastically change SEy. The effect of inclusion of higher 
order modes is more for the largest aperture case than in the smallest aperture case. 
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4.1.1 Multiple Incidence Angles: 
The MNI that was developed in NASA was not able to support multiple angles of 
incidence. The code was capable of supporting only normal angle of incidence and zero 
polarization. The same Modal MoM code was modified by Khan - MOI [IO] to support 
multiple angles of incidence and different polarizations. The results that were published 
in [54] haven't been compared with any 0ther standard or measured results. So in order to 
val id ate the results computed using MOI and to put a bound on the range over which 
MO I can be trusted, the same has been modeled in FEI<.O and the results were compared. 
For some cases, measured results from ASU [ 48] has been included. MOI was used to 
compute the SEy values at the center of tbe box With different aperture sizes and for 
certain frequencies like 500 MHz, 800 MHz and 1 GHz. The incidence angle was varied 
from -85 to 85 degrees (171 values) with one degree step. Note:- 0 degree is the normal 
angle of incidence. The same was developed in FEKO and the results from FEKO were 
compared with MOI results. The comparison of FEKO and MOI at 500 MHz for different 
aperture sizes is shown in Figure 4.1.1. l and 4.1.1.2. 
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l 
Single Aperture. Frequency= 500 MHz.· FEKO + MOI 
50 ••• - • • • • ~........... • ••••••• -- ~- - - - -- ••• --~. -- --- --- -+------- ---~-. ------ --+-- ---- ---- --- --------;-
• I t I f I I 
I I I I I 
I I I I I 
I I I I I 
I I I I I 
I I I I I 
I I I t I 
I I I I I 
I I I I I 
: : : : : 
I I I I I 
I I I I I 
t I I I I 
I I I I t 
I I I I I 
: 1010.5 : : 
30 
10x2 
iii" I I I I 
10x4 : 
;: 20 
I I I I I 




••••• • • • - ' ... ,. • • • • • • • • L • • "' • • • • . . 
w 
(I) . ' 
' ' ' ' ' . ' . . 
10 
- - - - - - - - -r ----------r --------·· t · ----- ----r----------r---------r----------r---------r-------- -- ·t ---------
• f I I I I I I 
' I I I I I I I 
• I I I I I I I 
• I I I I I I I 
1 I I I I I I I 
I I I I I I I I I 
· · · · · · · · · · 1 · ·· · · · · · · ·· 
1 
···· ·· ···· 1 ······· ···· 1 ·········· r·········· 1 ········--1------·---1-----· ·--· 1 -· · -----· 
-10 - - - - - - - - -r · --------· r · ------.. · r-- ----- --·r-------- --1-- -------- -r-------- -- ~- ----------r-----------r---------
-100 -80 ·20 0 20 40 60 80 
Angle of Incidence (deg) 
100 
Figure 4.1.1.1 Comparison of SEy results from MOI and FEKO for varying angles of incidence at a 
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Figure 4.1.1.2 Comparison of SEy results from MOI and FEKO for varying angles of incidence at a 
frequency of 500 MHz (Single Aperture-Large). 
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From the graph it is clear that MOI and FEKO values agree well at normal incidence. The 
graph is also symmetric with respect to zero angle of incidence. When the plane wave is 
located at -85 and 85 degrees with respect to the center of the aperture then the SEy value 
that is computed by FEKO is smaller indicating larger field penetration compared to the 
values computed by MOL This is an important question to be answered. In order to verify 
how the SEy values differ with increase in frequency, the results at 800 MHz and 1 GHz 
are also compared. . The comparison of FEKO and MOI at 800 MHz and 1 GHz for 
different aperture sizes is shown in Figures 4.1.1.3, 4.1.1.4, 4.1.1.5 and 4.1.1.6 
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Figure 4.1.1.3 Comparison of SEy values from MOI and FEKO for multiple angles of incidence at a 
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Figure 4.1.1.4 Comparison of SEy values from MOI and FEKO for multiple angles of incidence at a 
frequency of 800 MHz (Single Aperture-Large). 
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Figure 4.1.1.5 Comparison of SEy values from MOI and FEKO for multiple angles of incidence at a 
frequency of 1 GHz (Single Aperture-Thin). 
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Slngle Aperture. Frequency= 1 GHz.• FEKO + MOI 
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Figure 4.1.1.6 Comparison of SEy values from MOI and FEKO for multiple angles of incidence at a 
frequency of 1 GHz (Single Aperture-Large). 
From the graphs it can be seen that MOI and FEKO values agree better when the aperture 
size is big. But there is a conflict in the values at -85 and 85 degrees angle of incidence. 
This is similar to the deviation that was addressed when the frequency is 500 MHz. Now 
the question that has to be answered here is which (MOI or FEKO) does a good job in 
predicting the shielding effectiveness when the plane wave is incident on the aperture 
from different angles. As there are no standards to compare, some of the measured results 
from ASU [ 48] for some special cases (Aperture 10 x 0.5 ems (Thin) and 20 x 3 ems 
(Large)) are used to compare the results. From the set of measured results, the measured 
values at 500 MHz, 800 MHz and 1 GHz has been taken and compared with the results 
from FEKO and MOL As the graphs are symmetrical, the comparison is done only for 
one side (0 - 90 deg : Positive side). The graphs for aperture dimension 10 x 0.5 ems at 
three different frequencies are shown in the Figures 4.1.1. 7, 4.1.1.8 and 4.1.1.9. 
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Figure 4.1.1. 7 Comparison of SEy values from MOI, FEKO and Measured results for multiple angles 
of incidence at a frequency of 500 MHz. 
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Single Aperture (10,0.5) ems. Frequency= 800 MHz 
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Figure 4.1.1.8 Comparison of SEy values from MOI, FEKO and Measured results for multiple angles 
of incidence at a frequency of 800 MHz. 
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Single Aperture (10,0.5) ems. Frequency c 1 GHz 
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Figure 4.1.1.9 Comparison of SEy values from MOI, FEKO and Measured results for multiple angles 
of incidence at a frequency of 1 GHz. 
From the graphs it can be seen that the values agree well but when the incidence angle 
increases, FEKO results are more close to the measured results. MOI cannot compute the 
shielding effectiveness values after 90 degrees. FEKO was used there to compare with 
the measured data. The disagreement between FEKO and measured results is because of 
the fact that during measurements, a probe was used to measure the field at the center of 
the box but during the simulation with FEKO a probe was not considered inside the box 
[PC 1] and [PC 3]. As this is for the smaller apertures, disagreement between the values 
of FEKO and MOI is expected due to the reasons explained before. MOI does not assume 
a probe inside the cavity but the variation between FEKO and MOI values might be due 
to the assumption of only the dominant mode at the aperture. The disagreement between 
FEKO and MOI is smaller for the large apertures and that can be seen in another set of 
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compared data for the aperture size of 20 x 3 ems. Refer to Figures 4.1.1.10, 4.1.1.11 
4.1.1.12. 
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Figure 4.1.1.10 Comparison of SEy values from MOI, FEKO and Measured results for multiple 
angles of incidence at a frequency of 500 MHz. 
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Figure 4.1.1.11 Comparison of SEy values from MOI, FEKO and Measured results for multiple 
angles of incidence at a frequency of 800 MHz. 
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Single aperture (20x3) ems. Frequency= 1 GHz 
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Figure 4.1.1.12 Comparison of SEy values from MOI, FEKO and Measured results for multiple 
angles of incidence at a frequency of 1 GHz. 
From the graphs 4.1.1.10, 11 and 12, it has been noted that FEKO values are close to the 
measured results. Though MOI predicts the values correctly for lower angles of incidence 
at higher angles of incidence, the values predicted are not correct. This may be because, 
in MOI, the edges of the cavity are not taken into account. The edge effects can be 
neglected for normal angle of incidence but not for other angles of incidence. Thus there 
should be a bound set on the values of angles of angles of incidence over which MOI 
results may be considered valid. Comparing the graphs it can be seen that MOI, FEKO 
and measured values are close for the lower angles and as the angle of incidence is 
increased, MOI values exceed both measured and FEKO simulated results. It would 
appear as though MOI can be reasonably relied upon to provide accurate results up to 
about 75 degrees off normal incidence. 
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4.2 Two Aperture case 
I 
Aperture at 







Figure 4.2.1 Geometry of the cavity with a two apertures at the front wall. 
The geometrical configuration of the two-aperture case has been given in Figure 4.2.1. 
The apertures are located side by side in the front wall of the enclosure. The plane wave 
is incident on the front face of the box where the apertures are located. The field values at 
the center of the box are calculated for varying size of the apertures. At any point, the 
dimensions of both the apertures are the same. So when there is an increase in the 
aperture size, the increase is in both the apertures. The results obtained from MNI are 
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Figure 4.2.2 SEy results from MNI for varying aperture sizes (Two apertures). 
From the figure it can be seen that the field penetration increases with increase with 
frequency and it is maximum at the resonant frequency and decreases with increase in 
frequency after that. The same pattern is also observed in the single aperture case. When 
the aperture size is made 14 x IO (in cm) it is almost equal to opening one side of the box 
but for the thin walls of the aperture. So the results from MNI must again be verified for 
the same reason explained in the single aperture case. Hence FEKO was used to calculate 
SEy for the same case. The result obtained from FEKO for varying size of apertures is 
shown in Figure 4.2.3. 
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Figure 4.2.3 SEy results from FEKO for varying aperture sizes (Two apertures). 
The graph shows that the pattern remains the same. There is a shift in the null with the 
increase in aperture size. The results from MNI and FEKO are compared and shown in 
the Figure 4.2.4. 
68 
Double Aperture -FEKO + MNI 
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Figure 4.2.4 Compared SEy results from MNI and FEKO for varying aperture sizes (Two apertures). 
From the comparison it is clear that the SEy values obtained from FEKO and MNI are 
close to each other for different aperture sizes. As seen in the single aperture case, even in 
the double aperture case, at the high frequency side there is a disagreement between MNI 
and FEKO for the aperture of smaller dimensions. When the aperture size is increased, 
the values agree well. In order to solve for the difference between FEKO and MNI for the 
smallest apertures, the same problem was carried out for different grid size and a 
convergence study was done. In FEKO the grid size was made smaller from it I 15 to 
it I 25 and the difference in SEy was about 0.2 dB. The other thing that has to be noted 
here is that in MNI only the dominant TE10 mode is considered at the apertures. Inclusion 
of higher order modes may decrease the value of SEy and the graphs might be close to 
each other for the smallest aperture case. 
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On the high frequency side, the number of variables that has to be solved using FEKO 
increases and due to certain limitations that many variables cannot be solved which also 
might be the reason for the low values. One other limitation with FEKO is that for a 
problem of finding the shielding effectiveness for a range of frequencies, it takes about 3 
hours on a Xeon workstation with 4G RAM but MNI takes about 5-10 minutes. 
Comparing these, MNI is much faster than FEKO but the accuracy remains a question. 
Further research is required to ensure the accuracy. As in the single aperture case, the 
MNI values which were suspicious for the aperture of largest dimension, the double 
aperture values were also suspicious as depicted in Figure 4.2.5. From the comparison it 
is observed that the pattern of the graphs is not close to each other and there is a 
disagreement between the two. The null from MNI and FEKO are away from each other 
and the pattern of the graph that follows after the null is different from each other. This 
might be a limitation of MOI as suspected when the aperture size is big. 
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Figure 4.2.5 Comparison of SEy results from MNI and FEKO for aperture size (14 x 10) ems 
(Two Apertures). 
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4.2.1 Multiple angles of incidence for two apertures: 
The MOI developed by Khan [10] to support multiple angle of incidence and different 
polarizations was used to compute the SEy values at the center of the box with two 
apertures and different aperture sizes and for certain frequencies like 500 MHz, 800 MHz 
and 1 GHz. The incidence angle was varied from -85 to 85 degrees (171 values) with one 
degree step. Note:- 0 degree is the normal angle of incidence. The same was developed in 
FEKO and the results from FEKO were compared with MOI results. The comparison of 
FEKO and MOI at 500 MHz for different aperture sizes is shown in Figure 4.2.1.1. 
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Figure 4.2.1.1 Comparison of SEy values from MOI and FEKO for multiple angles of incidence at a 
frequency of 500 MHz (Two apertures). 
From the graph it can be seen that for apertures of small dimensions there is a 
disagreement between FEKO and MOI but when the size of the aperture increases the 
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values agree well. At larger angle of incidence like 85 and -85 degrees, the SEy values do 
not agree even for apertures with large dimension. Then the same simulation was done 
for higher frequencies like 800 MHz and 1 GHz. The comparison of FEKO and MOI at 
800 MHz and I GHz for different aperture sizes is shown in Figures 4.2.1.2 and 4.2.1.3. 
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Figure 4.2.1.2 Comparison of SEy values from MOI and FEKO for multiple angles of incidence at a 





Double Aperture. Frequency 11 1 GHz •• FEKO + MOI 
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Figure 4.2.1.3. Comparison of SEy values from MOI and FEKO for multiple angles of incidence at a 
frequency of 1 GHz (Two apertures). 
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From the graphs 4.2.1.1, 2 and 3 it can be seen that as the frequency increases, the 
disagreement between the values at larger angle of incidence also increases. At 800 MHz 
even for the aperture with largest dimension, there is a disagreement between the values. 
Also the same trend of larger disagreement for the apertures of smaller size and better 
agreement for the large apertures is also maintained. In order to verify the results from 
MOI and FEKO, the computed values are compared with a set of measured data. But the 
measured data from ASU [ 48) is for the apertures on opposite walls. MOI that is used for 
multiple angles of incidence does not support apertures at opposite walls (Future work 
will be including apertures on both walls). Hence only FEKO values are available for 
comparison. Two apertures of (20x3) ems present on opposite walls of the cavity with the 
plane wave excitation at different incident angles, the field at the center of the cavity is 
calculated and compared with the measured results for frequencies like 500 MHz, 800 
MHz and 1 GHz. Refer to Figures 4.2.1.4, 4.2.1.5 and 4.2.1.6. 
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Figure 4.2.1.4 Comparison of SEy values from FEKO and Measured results for multiple angles of 
incidence at a frequency of 500 MHz. Two apertures (20x3) ems located on opposite walls. 
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Aperture (20x3) ems on opposite walls. Frequency= 800 MHz 
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Figure 4.2.1.5. Comparison of SEy values from FEKO and Measured results for multiple angles of 





Aperture (20x3) on opposite walls. Frequency = 1 GHz 
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Figure 4.2.1.6 Comparison of SEy values from FEKO and Measured results for multiple angles of 
incidence at a frequency of 1 GHz. Two apertures (20x3) ems located on opposite walls. 
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From the graphs it can be seen that the computed values and the measured values agree 
well. To support the values predicted by FEKO for the shielding effectiveness for the 
multiple angles of incidence case, one more comparison between the measured and the 
computed data is made. This is for the two apertures on opposite walls one 1 Ox0.5 ems 
and another 20x3 ems. The plane wave is incident on the aperture 20x3 ems wide and 
1 Ox0.5 ems aperture is present in the back wall. The incident wave then moves 180 
degrees to hit the face of the back wall. For the same reason explained above, only FEKO 
and measured results are available for this problem. The compared graphs at three 
different frequencies are given below. Refer to Figures 4.2.1.7, 4.2.1.8 and 4.2.1.9. 
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Figure 4.2.1.7 Comparison of SEy values from FEKO and Measured results for multiple angles of 
incidence at a frequency of 500 MHz. Aperture (20x3) ems located on Front wall and (lOxO.S) ems in 
the back wall. 
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Apertures (20x3) and (10x0.5) ems on opposite walls. Frequency= BOO MHz l-
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Figure 4.2.1.8 Comparison of SEy values from FEKO and Measured results for multiple angles of 
incidence at a frequency of 800 MHz. Aperture (20x3) ems located on Front wall and (lOx0.5) ems in 
the back wall. 
Apertures (20x3) and (10x0.5) ems on opposite walls. Frequency= 1 GHz 
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Figure 4.2.1.9 Comparison of SEy values from FEKO and Measured results for multiple angles of 
incidence at a frequency of 1 GHz. Aperture (20x3) ems located on Front wall and (lOx0.5) ems in the 
back wall. 
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Note: The little disagreement between the measured values and the computed values by 
FEKO is because of the probe that is used to measure the field at the center of the cavity 
during the measurements but no such thing included during the simulation with FEKO 
[PC 2]. 
From the graphs comparing MOI, FEKO and measured results, it's been noted that 
FEKO values are close to the measured results. Though MOI predict the values right for 
lower angles of incidence, at higher angles of incidence the values predicted are not right. 
This is because, in MOI, the corners of the cavity are not taken into account which is very 
important for larger angles. The edge effects can be neglected for normal angle of 
incidence but not for other angles of incidence. Thus there has to be a bound set on the 
values of angles of angles of incidence until which MOI results can be valid. On the 
whole MOI results cannot be accurate after 80 degrees. Comparing the graphs it can be 
seen that FEKO and measured values are close. So on the whole MOI results appear to 
not be accurate after 70 degrees off normal for the double aperture case. 
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4.3 Investigation of the energy coupled to the probe 
The third part of this thesis is dedicated to find the energy that can be coupled to a wire 
that is located inside the metallic enclosure. It must be understood that in this part the 
frequency at which the maximum energy can be coupled is alone analyzed and not the 
measure of energy. This problem can be approached in two ways; 1. A plane wave 
excitation can be used to couple energy from outside to the probe. By doing this the 
current that is induced on the probe and the field that is generated around the probe due to 
the current can be looked for the range of frequencies. It can be concluded that the 
frequency at which maximum current is induced on the probe which produces a 
maximum fields around the probe is the frequency at which maximum energy can be 
coupled. But when we have a plane wave excitation, the input impedance of the probe 
cannot be calculated. 2. In order to look at the impact of the probe, the input impedance 
of the probe is a primary thing that has to be looked at. To do this, the probe is excited 
using a voltage gap and the plane wave excitation is removed. 
The input impedance of the probe that is attached to one of the cavity walls can be 
calculated now. From the pattern of the input impedance graph it can be said that the 
point of resonance is the point which detennines maximum current or minimum current. 
In order to validate the results from MNI and FEKO, the cavity problem from [36] is 
considered. The dimension of the cavity is 2.29 x 1.02 x 4.19 (in cm) and a wire of length 
= 0.87 cm and diameter= 0.13 cm is located inside the cavity. The wire is fed at 1.145, 
0.0, and 1.0 by a voltage gap. The input reactance graph with respect to a frequency 
sweep from 8.5 GHz to 12 GHz is plotted. The reference graph from Dr.Deshpande's 
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work [36] 1s given m Fig 4.3.1 and the results from MNI and FEKO are given m Fig 
4.3.2. 
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Figure 4.3.1 Input reactance of the monopole inside a closed cavity Ref: [32) 
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Figure 4.3.2 Input reactance of the monopole inside a closed cavity using MNI and FEKO 
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It can be seen from the graph that there is a clear disagreement between FEKO and MNI 
in computing the point of resonance (Zero crossing: 11.4 GHz (MNI) and 10.7 GHz 
(FEKO)). This might be because of the assumption in MNI that the monopole is not 
really touching the wall but located very close to the wall. When we consider resonance, 
there arc two points of resonance, one where the reactive effects are maximum which is 
called the parallel resonance. As a normal behavior of parallel resonance, the current is 
minimum at the point of resonance. The point where the inductive and capacitive effects 
cancel each other (reactive effects = 0) is the point of series resonance. Current is 
maximized at the point of series resonance. The current behavior on the probe can be 
analyzed by computing the current on the probe and the input impedance using MNI and 
FEKO. MNI does not compute the current on the probe directly but it computes the 
maximum current on the probe. This current is substituted in equation (65) to obtain the 
current induced on the probe. 
Fig 4.3.3 is the results from MNI and it can be seen that at the point where the reactive 
effects are maximum, is the point where the current is minimum. This is shown by a 
straight line connecting the two graphs. The point where the reactive effects are zero is 
the point where the current induced on the probe is maximum. The same trend can be 
found in Fig 4.3.4 which is the results computed from FEKO. 
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Thus it can be concluded that the maximum current is induced on the probe at the point 
of series resonance i.e ... at the point where the reactance is zero. 
The same analysis was extended to the problem of cavity size 30x12x30 (in cm) with a 
aperture 20x3 (in cm) located on the front wall. An infinitely thin monopole of length 4 
cm is attached to one of the walls on the xz- plane so that the wire antenna is directed in 
the Y- direction. The wire has to be assumed infinitely thin because of the assumption in 
Pocklington 's integral equation which is used for solving the current on the wire. The 
wire antenna is excited using a voltage gap at the bottom and the current on the probe and 
the input impedance of the probe at the point where it is connected to the wall are 
calculated using MNI for a frequency sweep of 10 MHz to 1 GHz. The results are shown 
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Figure 4.3.5 Current on the monopole (Top). Input reactance of the monopole (Middle). Field 
induced because of the current on the monopole (Lower). MNI 
From the graphs it can be seen that the input reactance is zero at a frequency 1.42 GHz 
and that is the point where the current induced on the probe is maximum. Due to the 
current on the probe, the field that is induced because of the current is also maximum. 
The maximum current, maximum field and zero reactance are connected by a straight line 
in Fig 4.3 .5 to show that all the three occur at the same frequency of 1.42 GHz. For a 
frequency sweep between 1 O MHz and 1.5 GHz, 1.42 GHz is the frequency at which 
maximum energy can be coupled to the probe of this particular orientation. 
This analysis is extended by varying the position of the monopole inside the cavity. This 
is done in order to sketch the energy coupled to the probe when the probe is located in 







..... ./ .. 
'I~ 











Position 3 (1 Sxl 2x22.5) 
Position 1 (I5xl2xl5) 
Position 2 (7.Sx12xl5) 
Position 4 (22.Sx12x15) 
Position 5 (I5x12x7.S) 
Figure 4.3.6 An illustration of the position of monopole on a wall of the cavity 
For every position of the probe, the input impedance, the current induced on the probe 
and the fields induced due to the current are computed. The current computed in all the 
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From the above graphs it can be seen that the current calculated on the probe during 
positions 1 ~ 2 and 4 maximizes at 1.42 GHz. Comparing the magnitude of the current, the 
current in position 2 and 4 are equal and greater than the magnitude of the current 
calculated at position 1. For positions 3 and 5, the current maximum occurs at 1.43 GHz. 
The magnitude of current in both these positions is smaller when compared to the 
magnitude of the currents computed at position 2 and 4. 
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Figure 4.3.9 Field induced due to the current on the probe. Frequency sweep- IO MHz to 1.5 GHz 
Figure 4.3.10 Field induced due to the current on the probe. Frequency sweep- 1.2 GHz to 1.5 GHz 
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Fig 4.3.9 and 4.3. IO represent the induced field due to the current on the probe. From the 
above graphs it can be seen that the magnitude of the fields induced due to the current on 
the probe for positions I, 2 and 4 are maximized at 1.42 GHz. For positions 3 and 5 there 
is one peak at I . I 6 GHz and another at I .43 GHz. The magnitude of the field is 
comparatively higher at 1.16 GHz for positions 3 and 5. The field maximum should occur 
at the points where the current is maximized and that trend can be seen in all the 
positions. 
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Figure 4.3.12 Input reactance of the monopole. Frequency sweep-1.2 GHz to 1.5 GHz 
Fig 4.3.11 and 4.3.12 represent the input reactance of the monopole computed using 
MNI. From the above graphs it can be seen that the input reactance goes to zero between 
1.42 and 1.43 GHz for positions 1, 2 and 4. For positions 3 and 5 the reactance does not 
go to zero in the frequency range of IO MHz to 1.5 GHz. The reactance graphs of 
positions 2 and 4 which are located symmetrically on either side of position 1, overlap 
each other. 
As stated before, maximum current will be induced on the probe for at the frequency 
where the reactance goes to zero. The field will be maximum when there is a maximum 
current. This trend can be seen for positions 1, 2 and 4. Thus it can be concluded that the 
positional variation of the probe in the horizontal plane does not make much difference to 
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the energy coupled to the probe. The difference in the energy coupled due to the variation 
in the position of the probe in the vertical plane is not clear from this analysis. 
Thus in this chapter all the results for validation of Modal MoM has been presented with 
the results from FEKO. The multiple angles of incidence problem which did not have any 
standard comparison has been validated using FEKO. Some of the results from FEKO 
and Modal MoM for the multiple angles of incidence case for both single and double 
apertures are also compared with a set of measured results from ASU [48]. Finally the 
energy that can be coupled to a probe that is located inside the enclosure has been 
analyzed. The positional dependence of the monopole inside the enclosure to couple 
maximum energy has been studied. In the next chapter, some of the conclusions drawn 
from this thesis and future work are discussed. 
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Chapter 5 
5.0 CONCLUSIONS AND FUTURE WORK 
Modal MoM is a computationally efficient tool that can predict the fields at any point 
inside the cavity and Khan's work (MOI) relaxed the limitations of MNI for multiple 
angles of incidence and polarizations. This particular contribution served as a motivation 
for this work as the validation of MNI and MOI always remained in question. MNI has 
been verified when the aperture size is made big. (Equal to opening up one of the walls). 
By comparing MOI data with the results produced from FEKO and measured results, a 
bound on the angle of incidence until which MOI can predict the results right has been 
thoroughly investigated. 
In this work only single aperture and double apertures were considered. Also note, the 
apertures were present on the front wall. There were no apertures considered on the back 
wall especially with MOI. MNI can support apertures on both walls but cannot support 
two apertures on the front wall without any apertures on the back wall. Also MNI cannot 
support a cavity with no apertures on it. MOI can support any number of apertures on the 
front wall but cannot support any apertures on the back wall. 
Using MNI for the cases like having one wall of the cavity opened completely, the 
shielding effectiveness values computed were not believed because of the limitation in 
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MNI that it can only support apertures of small dimension and also because the apertures 
are located in an infinite ground plane. When the aperture size is made big then the 
cutoff frequency is reduced so there exists more number of aperture modes. With the 
results from FEKO, now it has been proved that MNI computes the shielding 
effectiveness correctly even for the worst case oflarge single aperture. 
For the multiple angles of incidence, MOI results have been believed to be right but the 
re5u I ts were never compared to any other standard results. Here with help of FEKO, the 
angle up to which MOI results can predict the shielding effectiveness right has been 
verified. MOI predicts the values right until 75 degrees for single aperture and 70 
degrees for double aperture and above that the results are not right. In MOI the corners 
are neglected due to the assumption of infinite ground planes and edge effects are much 
important for higher angles of incidence. This might be the reason MOI is not predicting 
the results correctly. By comparing a set of results with the measured results, the results 
from FEKO have been verified also. From the comparison with measured data FEKO 
results are much closer than MOI results. 
In the final section, the frequency at which maximum energy can be coupled to a 
monopole present inside an enclosure has been studied. The theory has been supported 
with results from both MNI and FEKO. Though the actual amount of energy coupled has 
not been calculated, the frequency at which maximum coupling of energy can occur has 
been studied. By the positional variation of the monopole inside the enclosure, the 
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variations in coupling energy that can occur due to positional change of the monopole 
has been studied. 
MN I computes the shielding effectiveness to close form accuracy. A convergence study 
in FEKO was done in computing the shielding effectiveness over a range of frequencies 
and for the variation from il/15 tol/25, the difference was about 0.2 dB. So more 
number of modes has to be included on the apertures for in MNI and same convergence 
study has to be made to predict the accuracy and convergence of the results. 
Computationally Modal MoM (MNI and MOI) are much faster than FEKO for any case. 
For the same problem of computing the shielding effectiveness over a range of 
frequencies., MNI takes about 5-10 minutes while FEKO takes 3-4 hours. Inclusion of 
more number of modes in the apertures may increase the time of computation in MNI 
and MOI but still it can compute the results faster than FEKO. 
Future work 
There is a lot of work that can be done in future for improving MNI and MOI. MOI only 
accounts for the aperture on the front wall of the cavity. This can be expanded to include 
the apertures on the back wall also. Also by including a wire inside the cavity for MOI, 
the current induced on the wire, energy coupled on the wire can be looked when the 
plane wave is incident upon the face of the aperture in varying angles and polarizations. 
All over this work, the field is calculated only in the center of the cavity. This can be 
extended to calculating the fields at every point inside the cavity or over a specified set 
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of points inside the cavity and the statistical shielding effectiveness can be assessed with 
respect to change in frequency and change in the incidence angle. In this work MO! is 
validated for the multiple angle case without polarization effects. This can be improved 
to calculate the shielding effectiveness for varying polarizations. 
Other aperture shapes like circular apertures, spherical apertures can be introduced on 
the walls replacing the rectangular apertures and the same study can be carried on that. 
Modal MoM formulation and also in FEKO we assume that the walls are lossless. This is 
a very narrow assumption because when the cavity is lossless it almost has an infinite Q. 
Practically speaking this is not possible and so loss must be introduced into the system. 
Loss can be introduced in different ways like the cavity walls can be made lossy, the 
space inside the cavity can be filled with lossy material and a dielectric sphere can be 
introduced into the space inside the cavity. Once loss is introduced into the system all the 
analysis done will find a new meaning and will be more applicable to the real world 
situation. When wire is introduced into the cavity, it can be excited using a voltage gap 
and the fields outside the cavity can be calculated. The size of the cavity can be 
increased and the scalability of shielding effectives using this approach can be checked. 
In this analysis the position of the monopole is varied for 5 positions only. This can be 
improved by changing the position of the monopole over a set of points on the wall and 
the current induced and input impedance can be looked at to statistically sketch the 
energy coupled or the current induced on the wire for a wide range of frequency sweep. 
94 
More wires or wires and circuit boards can be introduced inside the enclosure and the 
shielding effectiveness of the cavity equipped with circuit components can be studied. 
The shielding effectiveness calculation that is carried out here for a very small problem 
is not enough. To solve for the shielding effectiveness of an aircraft, a code that can 
compute the fields at every point inside the enclosure including all the apertures and 
circuit components is needed. The problem has to be solved in a reasonable amount of 
time with a reasonable accuracy. This is what is focused on the future work. The thesis 
validates and establishes bounds on the efficient and fast moment method code used for 
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